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Abstract 
The asymmetry effects (as forward – backward (FB), left – right (LR) and parity non conservation (PNC)) observed in the 
fission induced by thermal and resonant neutrons on 233, 235U nuclei in the frame of the formalism of mixing states of 
compound nucleus with the same spin and opposite parities were explained.  In this work new P resonance parameters 
from FB and LR effects in order to explain the observed asymmetries and PNC effect have been derived. 
The present study demonstrates by using the multilevel Breit – Wigner formalism that the resonance states observed in FB 
and LR measurements are just a result of multilevel interference between S resonances. Only new P resonances, not 
indicated in nuclear data atlases for neutron resonance parameters, are enough to describe the asymmetry effects.  
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1. Introduction 
More than 70 years ago the asymmetry effects in the first experiments on fission process induced by slow 
neutrons were observed. These effects were explained by (Bohr, 1955; Bohr and Mottelson, 1971), supposing 
the existence of some P-resonances and by introducing the fission channels of cold fission stage.  
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Nomenclature 
S S resonance 
P P resonance 
W  angular correlation 
PC parity conservation 
FB   forward – backward coefficient (FB) 
LR  left – right coefficient (LR) 
PNC  parity non – conservation coefficient (PNC) 
SPW  weak matrix element, eV 
 
In 1964 the parity non – conservation effects in the capture of polarized slow neutrons by 113Cd nucleus 
were observed by (Abov et al., 1964), followed by later results on parity violation effects on other reactions 
and nuclei. This new phenomena in nuclear reaction by the formalisms proposed by (Flambaum and Sushkov, 
1984; Flambaum and Gribakin, 1995; Bunakov and Gudkov, 1981), were described. In the frame of these 
formalisms the asymmetry effects result from the interference between resonances with the same spin and 
opposite parities. In many analyzed cases involving incident slow neutrons the Flambaum – Sushkov 
formalism of the two levels approximation was used by (Sushkov and Flambaum, 1982).  
In 1976 parity non conservation effects in fission process induced by slow neutrons on 233U, 235U, 239Pu 
(Danilyan, 1980) were evidenced. In references (Alfimenkov et al., 1999; Alfimenkov et al., 2000), the 
authors analyzed the asymmetry effects on 233, 235U nuclei in the frame of approach of (Flambaum and 
Gribakin, 1995), proposing for this about 20 new P resonances.  
In the present work the authors evaluated the asymmetry effects of fission process induced by slow 
neutrons on 233, 235U nuclei using the Flambaum – Sushkov approach showing that such large number of P 
resonances is not necessary.  
2. Theory 
In the papers of (Alfimenkov et al., 1999; Alfimenkov et al., 2000), the experimental data of asymmetry 
effects in the neutron fission of 233, 235U in a large energy interval up to about 100 eV were analyzed. The 
asymmetry effects investigated were the forward – backward (FB), left – right (LR) and parity non 
conservation (PNC). Theoretical evaluation using the formalism of the mixing states of the compound nucleus 
with the same spin and opposite parities was done by (Flambaum and Gribakin, 1995; Bunakov and Gudkov, 
1981). This approach supposes that by interaction of neutrons with target a compound nucleus is formed 
which is described by resonant states with fixed quantum numbers. If two resonances have the same spin and 
opposite parities, then it’s possible to observe experimentally the asymmetry effects. For each effect an 
asymmetry coefficient included in the general expression of angular correlation corresponds:  
 
cossincossincos11)( PNCLRFBfnPNCfnLRfnFB nnnnnW     (1) 
where fn nn , directions of the incident neutrons and of the fission fragment, respectively; neutron spin; 
FB, LR, PNC = FB, LR, PNC coefficients;  polar and azimuth angle. 
From relation (1) it is easy to interpret that the FB, LR and PNC effects represent correlation between 
vectors of incident and exit channels through some vector operations like scalar (·) and vector product (×). 
Also, relation (1) suggests the relations of definition for asymmetry coefficients as: 
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According to this formalism the asymmetry effects result in the interference between the fission reaction 
amplitudes. There are two types of amplitudes. The first type describes the strong nuclear interaction (where 
the spatial parity is conserved) and due to the amplitude interference yields the FB effect and, in the case of 
transversal polarized incident neutrons, the LR effect. The second type of amplitudes describes the non 
leptonic weak interaction (violating the spatial parity) and in the case of polarized neutrons it is possible to 
observe PNC effect as well as other more complicated space and time parity non conserving effects described 
in papers of (Flambaum and Gribakin, 1995; Bunakov and Gudkov, 1981).  
The fission case is theoretically detailed treated in (Sushkov and Flambaum, 1982). Using the expression 
of angular correlation and the relations of definition for asymmetry effects (2) and taking into account only S 
and P resonances the following expressions for the angular correlations  are (3) (PC case) and (4) (PNC case):  
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The terms in the (3) and (4) relations are the following: 
 
2
exp
S
S
f
S
f
SS
n
S
S
iEE
iJ
U ,   
2
exp,
S
P
f
P
f
PP
n
P
Pj
iEE
ijJ
iU ,   SP
P
P
S
S
f
P
f
PS
n
S
SP W
iEEiEE
iJ
U
22
exp  
 
where WSP = weak matrix element; fP
f
S , phases of the emitted fission fragments; j, KIJJQ PS  
parameters depending on the compound nucleus spins JS, JP, on the projection of the compound nucleus spin 
on the fission axis (K) and of the total momentum of neutron target spin (I) (Sushkov and Flambaum, 1982). 
(Alfimenkov et al., 1999; Alfimenkov et al., 2000), extracted from FB and LR effects new data on P 
resonances not indicated in the Atlas of (Mughabghab, 1984), but they have neglected resonance interference 
in the cross section. It is supposed that these new P resonances can’t be observed experimentally because they 
are very thin in comparison with the S ones. In the present work the interference of every pairs with the same 
spin and parity of the S and P resonances in the cross section were analyzed because these interferences can 
influence the shape and magnitude of the effects.  In this paper about 20 S and P-resonances were considered. 
According to (Wigner, 1946), two resonances with the same spin and parity can give non zero contribution in 
the cross section. Therefore in the expressions (3) and (4) the term indicating the interference between P-
resonances will be added. So, expressions (3) and (4) become: 
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The interferences in the cross section of pairs (i,j) of S and P resonances have the form by (Oprea, 2010): 
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Further we did not use the fitted values for phases in the asymmetry effects calculation. Instead we 
followed the standard way as in (Bunakov and Gudkov, 1981) or (Oprea, 2010), with phases given by: 
 
1'2
relCoulneutrontotal vhZZekR                                                                                                      (9) 
 
where k = reduced wave number, R = radius of nucleus, e = elementary electric charge, h  = reduced Planck 
constant, Z, Z  = charges of the fragments. 
3. Results and discussion 
The asymmetry effects in 233U and 235U fission induced by resonance neutrons by the above formalism 
(relations (1)-(9)) were calculated (Figs 1-3). The experimental data without any fit procedures have been 
qualitatively described. In both papers (Alfimenkov et al., 1999; Alfimenkov et al., 2000), dedicated to the 
neutron fission of 235U and 233U, respectively, the interference between P resonances were neglected; phases, 
energies of P resonances, neutron and fission widths were considered as fit parameters (more than 60). 
We have considered, with phases defined by relation (9), in one case all possible interferences in the cross 
section (S-S, P-P interferences) and in the second case we neglected them, using in our calculations, about 20 
S and P resonances. For the evaluation of asymmetry effects (FB, LR and PNC) we realized our own 
computer codes.  
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Figure 1. FB effect of fragment emission from neutron fission of a) 235U; b) 233U: – theory;  experiment. 
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The discovery of PNC effects in the neutron fission on 233, 235U was unexpected since these nuclei present 
many S neutron resonances and no P resonances. If new P resonances yield, the presence of many S 
resonances lead to that the effects will be zero because earlier it was considered that the sign and values of 
partial widths and phases are random. One way to explain the non zero values of asymmetry effects in fission 
was given by (Bunakov and Gudkov, 1981), where it was supposed that the sign and values of the phases are 
not random. In our calculation we used the hypothesis from (Bunakov and Gudkov, 1981), since for the 
incident neutron energy of few eV the sign and values of the phases are not changing consistently (9). The 
presence of many resonances gives the large numbers of minima and maxima in the energetic dependences of 
asymmetry effects (Figures 1-3). If the resonance interferences are neglected in the cross section between S-S 
and P-P pairs FB and LR effects in some regions reach values higher than 0.5 and PNC effect in the same 
regions is of order of percents. Earlier such high values were not confirmed experimentally. 
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Figure 2. LR effect of fragment emission from neutron fission of a) 235U; b) 233U : – theory;  experiment. 
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Figure 3. PNC effect of fragment emission from neutron fission of a) 235U; b) 233U : – theory;  experiment. 
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All the interferences will contribute to the fission cross section which is included in the denominators of 
asymmetry effects thus “modulating” them. Concerning the present results these mean that the values and the 
sign of phases are not random in agreement with (Bunakov and Gudkov, 1981), and consequently the number 
should be reduced to a few P resonances.  
The present evaluation of PNC effect is only qualitative for both nuclei and shows the order of magnitude 
of this effect. This happens because pairs of S-P resonances with the same spin and opposite parities yield and 
each pair will be characterized by a weak matrix element that could be different from one pair to another. The 
weak matrix element for 233, 235U nuclei is of order of meV as in the paper of (Bunakov and Gudkov, 1981).  
4. Conclusions 
In this paper by the employed theoretical approach only few P-resonances as contributing to the observed 
asymmetries were theoretically described. Taking into account the results and considerations done in the 
present research the experimental data on asymmetry effects in fission of 233, 235U should be further analyzed.  
Another way is to use a different approach with statistical assumptions managing with a large number of 
interfering resonances. In the future we’ll conduct our studies in this direction in parallel with the need to get 
new experimental data.  
Acknowledgements 
The authors will like to thank to Prof. L. B. Pikelner for helpful discussions concerning the resonance 
interference effects in 235U fission.  
References 
Abov Yu. G., Krupchitsky P. A., Oratovsky Yu. A., 1964. On the Existence of an Internucleon Potential not Conserving the Spatial 
Parity, Phys. Lett., 12, 1, p. 25. 
Alfimenkov V. P., Chernikov A.N., Lason L., Mareev Yu. D., Novitsky V.V., Pikelner L.B., Skoy V.R., Tsulaya M.I., Gagarsky A.M., 
Guseva I.S., Golosovskaya S.P., Krasnoschokova I.A., Morozov A.M., Petrov G.A., Petrova V.I., Petukhov A.K., Pleva Yu.S., 
Sokolov V.E., Val’sky G.V., Soloviev S.M., 1999. Investigations of Parity Violation and Interference Effects in 235U Fission 
Induced by Resonance Neutrons, Nucl. Phys. A, 645, p. 31. 
Alfimenkov V. P., Chernikov A. N., Gagarsky A. M., Golosovskaya S. P., Guseva I. S., Krasnoschokova I. A., Lason L., Mareev Yu. D., 
Novitsky V.V., Petrov G. A., Petrova V. I., Petukhov A. K., Pikelner l. B.,  Pleva Yu. S., Sokolov V. E., Tsulaya M. I., Tsulaia V. 
M., 2000. Investigation of Parity Violation and Interference Effects in the Angular Distributions of Fragments Originating from 233U 
Fission Induced by Resonance Neutrons, Physics of Atomic Nuclei, 63, 4, p. 539. 
Bohr A., 1955. Theory of  Nuclear Process. Proceedings of the International Conference on the Peaceful Uses of Atomic Energy. Geneva. 
United Nation New York, 2, p. 151. 
Bohr A., Mottelson B., 1971. Structure of Atomic Nucleus. Mir Publishing House, Moscow, 2, 1971 (translated in Russian). 
Bunakov V. E., Gudkov V. P., 1981. Parity non–conservation Effects in Neutron Elastic Scattering Reactions, Z. Phys. A – Atoms and 
Nuclei, 31, p. 285.  
Danilyan G. V., 1980. Parity violation in Nuclear Fission, Uspekhi, Fizicheskih Nauk, 131, p. 129, (in Russian). 
Flambaum V. V., Gribakin G. F., 1995. Enhancement of Parity and Time-Invariance Violating Effects in Compound Nucleus, Prog. Part. 
Nucl. Phys., 35, p. 423. 
Flambaum V. V., Sushkov O.P., 1984. Theory of Neutron Reactions and Weak Interaction in Heavy Nuclei, Nucl. Phys. A, 412, p. 3. 
Mughabghab S.F., 1984. Neutron Cross Sections. New York. 1, B, Academic Press. 
Oprea A., 2010. Contribution to the nuclear reactions induced by neutrons with emission of charged particles. Doctor of Physics Thesis. 
Bucharest State University, Bucharest.  
Sushkov O.P., Flambaum V.V., 1982. Parity Breaking in the Interaction of Neutrons with Heavy Nuclei, Uspekhi Fizicheskih Nauk, 136, 
p. 3 (in Russian). 
Wigner E.P., 1946. Resonance Reactions and Anomalous Scattering, Phys. Rev.70, 9, p. 606.  
